This paper presents the perturbation and observation (P & O) algorithm as maximum power point tracking (MPPT) method for the dynamical analysis of DC shunt motor fed by photovoltaic generator at different solar irradiance levels. At each solar intensity, the maximum power point of current/voltage (I/V) characteristic of the PV generator is achieved by perturbation and observation algorithm. The nonlinear behavior of (I/V) characteristics of the PV generator at various solar intensities and the magnetization curve of the ferromagnetic material of the DC shunt motor are described by high order polynomial mathematical expression. The dynamical analysis of the DC shunt motor fed by PV generator at different solar intensity has been carried out, also the dynamical analysis of DC shunt motor is investigated at a step change in solar intensity levels with fixed load at motor.
Introduction
As the world population is increasing dramatically, the demand for electricity became one of the world's largest concerns. So many researchers have focused recently on this aspect. Moreover, the environment problems and other related issues have boosted the attention for the use of renewable energy resources such as wind, solar, fuel cells, water power and many others as solutions for expected critical crisis in many countries.
The Perturbation and Observation (P & O) as Maximum Power Point Tracking (MPPT) technique for PV generator integrator to the grid is investigated [1] . The interfacing is carried out via DC-DC buck-boost converter, three-phase si-nusoidal DC-AC inverter, LC filter, transformer and two identical transmission lines. Large-signal stability analysis has been carried out considering symmetrical three-phase to ground fault as a case study at the middle of one of the transmission lines when the PV generator is intensified with different solar irradiance levels. The dynamic stability analysis is executed based on the nonlinear dynamical mathematical model of the complete power system elements in d-q stationary reference frame. The idea behind introducing the DC-DC converter is to adjust its duty cycle using the P & O algorithm such that to extract the maximum power available in the PV generator at all practical solar irradiance levels and power system running conditions. The results show that the highly penetrated grid-integrated PV generator can keep the stability of its operating point despite the large-disturbance considered at wide range of solar irradiance levels. It is also concluded that overshoot and settling time of the power system are highly affected by the fault clearing time and solar irradiance level. The higher the solar irradiance level is, the higher the critical clearing time, the larger the overshoot and the lower the settling time tend to be.
The dynamical analysis of PV-powered DC shunt, series and permanentmagnet motors is studied [2] . The output steady-state characteristics, torquespeed characteristics, of the three motors are outlined and compared in the cases of feeding them by fully illuminated solar cells, partially illuminated solar cells and fixed terminal voltage. All simulations are carried out using MATLAB. The simulation results at two solar intensities are compared with the case of supplying the motors by fixed terminal voltage. The results show that when the machine is run at the rated conditions, the steady-state values are in good agreement in both cases of fully illuminated photovoltaic cells and fixed terminal voltage.
The simulation study of PI controller for boost converter in a standalone photovoltaic energy is presented [3] . The simulation for a DC motor is presented in photovoltaic generator. The complete system consists of an array of solar panels, a boost converter with PI and DC shunt motor with Fuzzy Logic controller (FLC)-as a voltage regulator. The Fuzzy Logic Controller is designed to deal with the system nonlinearity and its associated uncertainty. DC-DC converters are used to convert the unregulated DC input into a regulated DC output at desired voltage level. The duty cycle (D) of the converter is adjusted to obtain a constant level of voltage or a variable voltage in case of voltage regulator or maximum power respectively.
The dynamical and the steady-state behavior of hybrid powered DC series motor through PV and DC shunt generators are presented [4] . The PV generator delivers its power through DC-DC buck-boost converter. The Maximum Power Point (MPP) of the PV generator has been tracked. The shortage of the power generated by the PV generator is compensated by the DC shunt generator through calibrating its terminal voltage via automatically changing its driving torque. The PV generator is designed such that its MPP is at the rated conditions of DC motor. Dynamical analysis is carried out through step changes in the load attached to the motor for a given solar irradiance and through successive step changes in the solar intensity for fixed load.
The modeling, simulations and operational performance characteristics of a hybrid-powered permanent-magnet DC (PMDC) motor for pumping applications are investigated [5] , a hybrid system having fuel-driven DC shunt generator and PV system to power permanent-magnet DC motor for pumping pur- In this paper, the proposed system is a stand-alone PV generator feeding DC Appendix A presents the physical explanations for all parameters in this paper. Appendix B presents the values of the numerical parameters of the system and presents the constants of the polynomials which approximate the output characteristics of the PV generator at three solar intensities levels. 
System Configuration and Description

PV Generator Design and System Dynamical Model
This section presents some design aspects of the PV generator along with its output characteristics which are the terminal voltage of the PV generator as function of the output current and the corresponding output power at various solar irradiance levels. The mathematical equations representing the dynamics of the DC shunt motor is also summarized.
Photovoltaic Design and Output Characteristics
PV cells are assembled from modules which are interconnected in series-parallel arrangement to produce arrays. The mathematical model of PV array is given by the following Equation [7] : 
Dynamical Mathematical Model for DC Shunt Motor
In DC shunt motor, the field and armature circuits are connected in parallel.
The nonlinear dynamical mathematical model of DC shunt motor is [8] :
(5) Figure 3 shows the nonlinear polynomial curve fitting of 5 th order degree for ferromagnetic material in the DC shunt motor using MATLAB software. or the other is negative, the next duty cycle perturbation will be negative becausethe operating point is on the right. Perturbation and observation algorithm alter the duty ratio D of the buck-boost convertor to make load matching between photovoltaic and load impedances. Figure 5 shows the duty cycle perturbations for the photovoltaic power-voltage relationship indicating its maximum power point [9] .
The DC-DC buck boost converter is a power electronic device used to change the average value of the input voltage into higher, equal or lower value. 
Numerical Simulations and Discussions
This section presents the numerical simulations of the nonlinear dynamical model of the system after step changes in the mechanical load coupled to the motor when the PV generator is fully and partially intensified and the response of the system with a fixed motor load while the solar intensity levels of the PV generator are step changed. Figure 7 and Figure 8 show the response of the system at full solar intensity when the load torque (T L ) has stepped changed from 5 Nm to 10 Nm. Initially at 5 Nm, the motor rotates at a speed of 1582 rpm with a DC-DC converter duty cycle of 0.4613. As the load coupled to the motor becomes 10 Nm, the steadystate motor rotational speed becomes 1465 rpm with a converter duty cycle of 0.4763. The duty cycle of the converter has changed to achieve the target of tracking the maximum power point of PV generator which equal the motor rated terminal voltage 125 V. During these numerical simulations, it is found that the armature currents of DC shunt motor are changed from 5. Figure 11 and Figure 12 present the response of the system as it is subjected to successive step changes in solar irradiance levels from full irradiance intensity, to 75% to 50% of full irradiance intensity while the load torque is kept constant at 5
System Response at Full Solar Irradiance Level and Different Motor Loading Conditions
The Response of the System after Successive Step Changes in Solar Irradiance Levels with Fixed Motor Load Torque of 5 Nm
Nm. motor maintains its rotational speed at about 1582 rpm which can be justified by the fact that the terminal voltage and load of the motor have not changed As a summery for the steady-state system parameters for all running conditions, Table 1 shows the detailed values for the proposed stand-alone system parameters. 
Conclusion
The dynamical performance of a DC shunt motor fed from PV generator is investigated. The PV generator is designed at full solar intensity to give the maximum power at the motor rated conditions. The nonlinearity of the output characteristics I/V of the photovoltaic generator at different solar irradiance levels is included in all simulations by polynomial curve fitting. The perturbation and observation algorithm is employed in the simulation to track the MPP of the PV generator by adjusting the duty cycle of the DC-DC converter. The study comprises the response of DC shunt motor when after step changes in the load coupled with the motor at 100% and 75% of full solar irradiance level and after successive step changes in the solar intensity with constant motor loading conditions. It is concluded that P & O technique always changes the value of duty cycle of the DC-DC buck boost converter to track the MPP of the PV generator which is close to the motor rated voltage. Basically, as the mechanical load coupled to the motor increases, the rotational speed of the motor decreases and the armature current of the motor are increased too. As a general conclusion, the proposed PV generator can withstand step changes in the load coupled to the motor and step changes in the solar irradiance levels, which indicates the robustness and proves the reliability of the integration between PV system and DC shunt motor.
Appendix B
The following are the values of the numerical parameters of the system: 
